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I. INTRODUCTION
Recently, considerable attention has been given to 1110.49 Gao.SI P as an efficient red luminescent and laser material because of its lattice-match to GaAs and its band-gap energy of 1.9 eV. I -3 It is a key material for InAIP/InGaPI InAIP,4.5 AlInGaP IInGaP I AHnGaP, 6.7 and AIGaAsl InGaP I AIGaAs 8 .
9 heterostructure visible laser systems. In fabricating laser diodes and light emitting diodes (LEOs) consisting of InGaP, the material must be successfully doped with donor and acceptor impurities. Although InGaP LEDs or laser diodes fabricated on GaAs substrates by liquid-phase epitaxy (LPE) have been reported,8.9 there are only a few reports on their doping properties. Hakki reported the doping properties of Te, Si, and Sn in InGaP grown on (111)A GaAs by LPE, and concluded that they have approximately the same segregation coefficients. 10 Kato et al. re- ported transport properties in solution grown polycrystalline Inl_xGaxP doped with Zn.11 The hole mobilities measured at 300 K were 10-50 cm 2 IV s with hole concentra· tions of lOl7_lO IK cm-3 . Mukai also reported effects of doping with Te, Se, and Zn dopants in InGaPAs ool layers grown on (100) GaAs by LPE. 12 But there are no detailed reports on the electrical and photoluminescent properties of Te-and Zn-doped InGaP grown on (100) GaAs by LPE.
In this paper, we report the doping properties of telluri· urn and zinc in II1o.s Gao.s P grown at 785 DC by an LPE supercooling technique with a supersaturation of 12 DC. Their structural, electrical. and optical properties are examined. LPE-grown, heavily doped 1110.5 Gao.s P with a hole concentration higher than 1 X 10 19 cm-3 is first reported.
II. EXPERIMENT
A horizontal sliding LPE system was used in this study to grow InGaP layers on Cr-doped (100) semi-insulating GaAs substrates. The In melt was first baked at 900 DC in a purified H2 flow of 500 cm 3 /min for 10 h. After the baking process, 48 mg ofInP and 18 mg of GaP, both polycrystalline, and an appropriate amount of dopant were added to a 2-g In melt to form the growth solution with a liquidus temperature of 797 ·C. In this study, Te and Zn were used as n-and p-type dopants, respectively. The doped epitaxial1ay-ers were grown by means of supercooling technique with 12 DC supersaturation, which is the best growth condition determined previously.13 The thickness of InGaP epitaxial layers grown during a fixed growth period of 5 min was typically 5 pm.
X-ray diffraction, photoluminescence (PL), and Hall measurements were carried out to characterize Te-or Zndoped 1110.5 Gao.s P layers. Ohmic contacts on n-and p-type samples for HaH measurements were formed by alloying pure In and In-5% Zn dots, respectively, on comers of the wafer in a hydrogen ambient at 420 D C for 5 min. Details of growth conditions and characterization techniques were given elsewhere. 13 Before measurements, all the specimens were chemically etched in a solution of 5H2S04:1H202:1H20, cooled to 40 ·C for 90 S.14 The etching rate of the acid solution was found to be 200--500 A"/min. Figure 1 with increasing Te mole fraction in the growth solution. A similar trend for Zn, Te, and Se dopants in the InGaPASo.QlGaAs system was also reported. 12 For all Te-and Zn-doped 100.5 Gao.s P samples, the surface morphologies are very smooth and fiat, and the interface between the epitaxial layer and GaAs substrate is also fiat and free from inclusions. the electron concentration and mobility of Te-doped 100.5 Gao.s P layers measured at 300 and 77 K were not large. For undoped 100.5 Gao.5 P epitaxial layers, the background electron concentration and mobility at 300 and 77 K were 1.2x 10 16 cm-3 , 1340 cm 2 IV s, and 9.0X lOIS cm-3 , 2360 cm 111o.s Gao.5 Pat 785 ·C was estimated as 0.015 using the relation
III. RESULTS AND DISCUSSIONS
where X ~e is mole fraction ofTe in the epitaxial layer, N D is the donor concentration, and 0 0 is the lattice constant of 1110.5 Gao.s P. The calculated value of K Te is nearly equal to 0.016 as reported in InGaPASo. OI • 12 However, this value is 4 times smaller than that reported in InGaP grown on (111) FIG. 4. 300 and 14 K photoluminescent spectra of Te-doped lila., Gila" P layer grown on GaAs with /I = S.5X 10" cm-3 . The intensities were normalized to the same value.
Typical 300 and 14 K. PL spectra of a Te-doped lno.sGao.sp layer grown on (100) GaAs substrate with an electron concentration of 8 X 10 17 cm -3 is shown in Fig. 4 . The 300 K PL peak intensity is two orders of magnitude weaker than that measured at 14 K and the curves were normalized to the same peak intensity. The only room-temperature emission band near 6500 A is due to the recombination of free electrons and free holes, as seen from the peak photon energy and spectrum shape of the emission band due to free-electron-to-free-hole recombinations in undoped Ina.s Gao.s P wafers. The 14 K PL spectrum also consists of one emission band. This indicates that the donor ionization energy is very small and tends to merge with the conduction band tail states. For heavily doped samples with n > 1 X 10 18 cm-3 , a weak shoulder about 18 meV below the main peak starts to show up. The emission related to the shoulder is due to the donor-to-valence-band (D-B) transition.
The full width at half maximum (FWHM) and relative intensities of room-temperature PL peaks in Te-doped Ino,s Gao,s P layers as a function of electron concentration is shown in Fig. 5 . The FWHM value increases from 42 to 60 meV in the electron concentration range between 1 X 10 17 and 3 X 10 18 cm -J. At 14 K, it foHows a similar trend with a minimum value of 14 meV. In undoped 1110,s Gao.s Players, 37-and 12-meV FWHM values were obtained at 300 and 14 K, respectively. 13 The relative intensity of the PL peak also increases with electron concentration. The band-to-band recombination rate increases with the increase of majoritycarrier concentration, and is probably a major factor responsible for the increase in the PL intensity with electron concentration.
The PL emission spectra at 14 K with various hole concentrations are presented in Fig. 6 . Except for the heavily doped sample shown in Fig. 6(h) , all other samples exhibit two major peaks denoted A and D, and a minor peak denoted C. Peak A has the narrowest FWHM and is the band-gap emission associated with free-electron-to-free-hole recombination. The fact that, except for the sample shown in Fig.  6(h) , the position of peak A holds constant for all the spectra indicates that the composition of all the epitaxial layers is held constant and uniform. The broad spectrum for sample shown in Fig. 6 (h) is due to the acceptor impurity band merging with the valence band. The lower energy peak B is due to emission via impurity levels. As shown, its position is 2:
lU 2: between 22 and 44 me V below peak A and moves closer to peakA with increasing hole concentration. Since the relative intensity of peak B increases with hole concentration, this peak is definitely associated with the Zn acceptor level. The weak band C, about 50 me V below peak B, is believed to be a phonon replica of B. This peak C is also observed by Kressel et al. in VPE growth of Zn-doped layers,15 but it was not mentioned by Mukai in LPE-grown Zn-doped InGaPAs oOi layers. 12 Similar to Te-doped layers, the room-temperature PL spectra in Zn-doped Ino.s Gllo. s P layers also show one emission peak. The shift of peak A from 6250 A at 14 K to near 6500 A at 300 K is due to the change in bandgap with temperature. The increased rate of thermal release of holes from acceptor sites at 300 K leads to a decrease in the number of bound holes, the donor-acceptor recombination rate, and thus the intensity of peak B is quenched off. Therefore, at room temperature, peak B disappears and the free-electron- to-free-hole recombination dominates. Figure 7 shows the FWHM and relative peak intensity of 300 K PL in Zn-doped Ino.s Ollo.s P layers as a function of hole concentration. The FWHM increases from 45 to 79 meV with the hole concentration increasing from 1 X 10 17 to 2 X 10 19 cm -3. The relative PL intensity increases with hole concentration and approaches a maximum value near 1 X 10 18 cm -3. With any further increase in the hole concentration, the intensity drops gradually. This similar trend was also observed by Nuese et al. 16 They reported that precipitates of Zn 3 P2 are present in heavily Zn-doped VPE Inl _ x Ga x P, which would be expected to reduce the relative PL intensity. Kressel et al. also observed that relatively deep centers are formed at high Zn-doped hole concentrations. IS The significant density of deep centers which form in the heavily doped p-type material contribute to lowering the raillative efficiency. Thus, the "useful" Zn sol.ubility for luminescence purposes is clearly limited to the maximum value in the low 10 18 cm -3 range.
It is well known that the impurity ionization energy is a function of the dopant concentration. The value of the acceptor ionization energy E A can be estimated to the form 15.17
where Egis the band-gap energy of Inc.s Gao.s P and hVB is the peak energy of the Zn acceptor level. Figure 8 shows the quantitesE A determined at 14 K as a function Ofpl/3 for the Zn-doped Inc.~ Gllo. s P layers. It shows a linear decrease of the acceptor ionization energy as the cube root of hole concentration is increased and can be represented as the following empirical expression l8 :
where E ~ is the ionization energy for infinite dilution and a is a constant. 
IV. CONCLUSIONS
Te-and Zn-doped Ino.5 Gllo. s P epitaxial layers were grown on (100) GaAs substrates at 785 'c with 12 'c supersaturation by LPE. Effects of Te and Zn doping on structural, electrical, and optical properties have been examined. The lattice mismatch is reduced with increased doping amounts. The specular surface morphology and flat interface of the doped layer are similar to those of undoped layers. Han measurements in Te-doped layers indicate that roomtemperature electron concentrations from 2 X 10 17 to 3)( 1.0 18 cm -3 can be obtained with 10-4 _5 X 10-3 mole fraction of Te in the growth solution. The corresponding electron. mobility lies in the range between 490 and 960 cm 2 IV s. The segregation coefficient ofTe, KTe> is 0.015 at 785 'c. The FWHM values and relative intensity ofPL spectra increase with electron concentrations up to 3 X 10 18 cm -3. In Zn-doped layers, the hole mobility decreases from 33 to 12 cm -2 IV s as the hole concentration increases from 1 X 10 17 to 2 X 10 19 cm -3 at room temperature. The segregation coefficient of Zn, K zn , is 0.18 at 785°C. The heavily doped hole concentration can be successfully reached to 2X 10 19 cm-3 with 6X 10-3 mole fraction of Zn in the growth solution. The FWHM ofPL peak increases with Te and Zn doping concentration. The PL relative intensity increases with electron and hole concentrations up to 3 and 1 X 10 18 cm-3 , respectively. The intensity in Zn-doped layers drops with further increasing hole concentration. The variation of 14 K PL spectra with various Zn concentrations are described. The acceptor ionization energy determined at 14 K varies from 44 to 22 meV as hole concentration increases from 1 X 10 17 to 2x 10 19 cm-3 . It has a linear relationship with the cube root of hole concentration pl!3. In summary, Te and Zn are excellent n-and p-type dopants, respectively, in LPE-grown 1n0.5 Gao. 5 Players.
